WOLF, PAUL A. (The Dow Chemical Co., Midland, Mich.), W. H. RILEY, AND MARLENE POLLOCK. Antimicrobial activity of several bis-methanethiolsulfonates. Appl. Microbiol. 13:945-949. 1965.-We determined the inhibitory end point of a series of bis-methanethiolsulfonates, CH3SO2S(CH2).SSO2CH3 (n = 2 to 6), and correlated the structures with antimicrobial activity. Eleven microorganisms were used in the evaluation, and the maximal activity occurred when the methylene chain length was five or six. The effect of CH3SO2S(CH2)5SSO2CH3 (PMTS) on respiration of Aerobacter aerogenes and Staphylococcus aureus was studied at various stages of their growth cycles. The effect on viability was correlated with that of respiration in the case of A. aerogenes. Respiratory inhibition caused by PMTS varied with the growth phase of both organisms, being most pronounced when the cells tested were taken during the period of transition from the log to stationary phase. The lethal effect on A. aerogenes was also greatest at this time. During the period of increased sensitivity, the antimicrobial activity of PMTS appears to be closely related to cell respiration. The delayed rate of kill otherwise observed may reflect an impairment of protein metabolism through reaction with sensitive SE1 groups.
The antimicrobial activity of several monoalkylesters of thiolsulfonic acid has been known for some time (Small, Bailey, and Cavallito, 1949) . However, at the start of our were new. Subsequent to their synthesis we studied the antimicrobial activity of several derivatives. During the course of our work, Boldyrev, Kolmakova, and Bilozor (1963) published a method of synthesis of several of the same compounds. These authors state that the antimicrobial activity of the diesters tested is less than that of the corresponding monoesters, and that these diesters are inactive against Escherichia coli, Aspergillus, Rhizopus, and Mucor species. Our results are not in complete agreement with these findings. We find that a given bis-alkylthiolsulfonate, i.e., CH3SO2S(CH2)5SO2SCH3 (PMTS) , may be as active as the analogous monoester [CH3SO2S(CH2)4CH3], and that both compounds are effective against fungi and bacteria. This paper presents the results of our investigation relating the chemical structure of several bis-alkylesters of thiolsulfonic acid to antimicrobial activity. Our studies show that PMTS inhibits cellular respiration to a degree that varies with the culture age of the two organisms tested. Microbial inhibition tests in agar medium. Appropriate volumes of stock acetone solutions of the test compounds were added to tubes of melted, sterile, nutrient agar (bacteria) and malt, yeast extract-agar (fungi; Difco) to give the desired final concentration. After mixing into the medium, individual samples were poured into sterile disposable polystyrene plates and allowed to harden.
Duplicate plates were inoculated with bacteria and fungi in separate operations by use of an "Accu-Drop" (The Sylvania Co., Orange, N.J;) dispensing apparatus. Approximately 0.02 ml of each culture was simultaneously dispensed in uniform droplets on the agar surface. Broth cultures (48 hr) of bacteria were used, and fungal inocula were prepared with spores harvested from agar plates by washing with sterile water followed by filtration through sterile gauze. Inoculated bacterial plates were incubated for a minimum of 72 hr at 30 C, whereas the fungal plates were incubated for at least 5 days at 30 C. The plates were observed after 2 days for growth of R. nigricans; if growth had occurred, that portion of the agar was excised with a sterile spatula to prevent overgrowth of the entire plate. Lack of visible growth at the end of these periods was recorded as inhibition of the organism at the concentration of compound being tested.
Inhibition of sulfate-reducing bacteria. Inhibition of D. desulfuricans was determined by the procedure recommended by the American Petroleum Institute (1959) . The test compound was added to a sterile medium of the following composition: 60% sodium lactate, 4.0 ml; yeast extract, 1.0 g; ascorbic acid, 0.1 g; magnesium sulfate, 0.2 g; ferrous ammonium sulfate, 0.1 g; sodium chloride, 10.0 g; all in 1 liter of tap water; pH was adjusted to 7.2 to 7.5. Small bottles of the sterile medium plus compound were inoculated with the test organism, tightly capped, and incubated for 30 days at 37 C. Growth of sulfate reducers in the bottles was indicated by an intense blackening of the medium.
Respiration studies of cells inhibited at various stages of growth. Cells in the stationary phase of growth were prepared by culturing A. aerogenes and S. aureus, at 30 and 37 C, respectively, in Brain Heart Infusion (Difco) broth (BHI) for 16 hr on a rotatory shaker. These cells were used to start growth (about 9 ml added to 250 ml of sterile BHI) of the experimental culture at the chosen initial optical density (OD) reading. Sampling intervals were based upon the course of a curve obtained by use of OD readings at 550 m,:. The test culture (2.0 ml) was added to the main well of each of four Warburg flasks. Two of the flasks contained PMTS (4.5% dimethylformamide as solvent) in the side arm. Upon dilution to give a final volume of 3.0 ml, the test concentration of PMTS became that chosen for study. The remaining flasks with 1.0 ml of 4.5% dimethylformamide were used as controls in each experimental set.
Respiration was meastured at 30 C (A. aerogenes) and at 37 C (S. aureus) by conventional manometric procedures (Umbreit, Burris, and Stauffer, 1957) with the use of an automatic recorder (model 401; Mechrolab, Inc., Mountain View, Calif.). Oxygen uptake was observed for a period of 20 to 30 min. Viable counts were determined by spreading 0.1 ml of appropriate dilutions of the culture over the surface of nutrient agar plates. Plates that contained between 20 and 300 colonies were used to estimate the number of viable cells. The ranges of values of four replicates were used in constructing the viability curves of Fig. 3 and 4 .
Chemical compounds. The test compounds were synthesized by J. E. Dunbar, Bioproducts Department, The Dow Chemical Co., and were characterized after crystallization by elemental analyses and infrared spectroscopy.
RESULTS
Effect of chain length. The evaluation of the minimal inhibitory concentration of the diesters required in the culture medium tests (Table 1) showed that a methylene chain length of five or six gave the most active compound. The diester of chain length five had the same order of activity as the corresponding monoester analogue. The one anaerobe tested, D. desulfuricans, was much more sensitive to this class of compounds than were the aerobes tested.
Effect of PMTS on cellular respiration at various phases of the growth cycle. The inhibition of respiration by PMTS (5 X 10-4 or 6 X 10-4M) varied with the age of the culture exposed to the compound (Fig. 1 and 2) . PMTS at 5 X 10-4M had little effect on young cultures of A. aerogenes, and the limited effect evidenced was delayed ( Fig. 1A, B , C, and D). However, the culture at about 180 min (stage of transition from late log phase, Fig. IE) (Fig. 4) . PMTS (Table 1) .
The antimicrobial evaluation of the diesters with methylene chain lengths than six is difficult because of their I water solubility. Although there was no precipitation in the final plates, the rest some instances may merely reflect the l 1 antimicrobial activity of a saturated so]
The increasing activity of the bis-th fonates as the methylene chain length inc from two through six follows a pattern rel by Weidner and Black (1964) for a 1 number of corresponding monothiolsulfc This relationship has long been known ti for alkylphenols of increasing alkyl chain (Suter, 1941) . Wilson and Miles (1964) recently review subject of bactericidal activity as it var relation to the growth cycle of bacteria. state that cultures in the lag and early log ] are more sensitive to the action of heat, phenol, crystal violet, and high salt conc tions. However, Bolle and Kellenberger reported that the anionic detergent, s lauryl sulfate, did not affect the bacteria rapidly growing culture of Escherichia col rapidly killed and lysed the organisms growth was halted by interruption of aeration or by the addition of cyanide. They explained ,1 their observations by assuming that rapidly growing bacteria were impermeable to the detergent and could replace the cell-wall lipoproteins as rapidly as they were extracted by the detergent. i
The increased inhibitory effect of PMTS on cell respiration paralleled by its increased le-X thality exhibited at the end of the log phase of o growth suggests that its antimicrobial activity o9 may be related to respiratory functions of the m cell or to dependent changes in metabolic pat-< terns taking place at this time. Ecker and Lockhart (1961) have observed the occurrence of marked changes in physiological patterns when cultures of E. coli pass from the logarithmic to stationary phase of growth. Allen and Powelson (1958) demonstrated more specifically that there is a shift in competing pathways of glucose '°metabolism at this stage of growth in E. coli.
In view of these observations, the increased sensitivity we have observed might be expected. A mechanism by which the bis-methanethiol--ulture sulfonates effect antimicrobial activity may arise vals. FIG. 4. Effect of PMTS (6 X 10-1 m) on the viability of Aerobacter aerogenes cells obtained at various phases of the growth curve. through their thioalkylating action. They may react with exposed SH groups, e.g., CH3SO2S(CH2)1nSSO2CH3 + HSR = CH3SO2S(CH2)nS-S-R + CH3SO2H. We have found that eysteine (10-4M) reacts with PAITS (10-4M) to form a precipitate at room temperature. In addition, 2-mereaptoethanol blocks the inhibitory action of PMTS, if it is first added to the test culture.
Studies are being conducted with C14-labeled PAITS to gain a better understanding of the antimicrobial behavior of PAITS.
